The 1 H NMR spectra and spin dynamics of the host systems have been studied in liquid and solid suspensions of γ -Fe 2 O 3 nanoparticles. Significant broadening of 1 H NMR spectra and growing relaxation rates were observed with increased concentration of nanoparticles in the liquid systems, with the relation T 1 /T 2 depending on the particular host. Solid systems demonstrate inhomogeneous broadening of the spectra and practically no dependence of T 1 upon the nanoparticle concentration. We explain the experimental results taking into account the predomination of self-diffusion as a source of the relaxation in liquid suspensions, and estimate effective parameters of relaxation in the systems under study.
Introduction
Magnetic nanoparticles have shown great potential for many interesting applications in science, technology and biology, including magnetic resonance imaging (MRI) and medical hyperthermia. The effect of the magnetic nanoparticles on the nuclear spin relaxation of the host in liquid systems has been studied in a number of papers using the relaxometry technique [1] [2] [3] . Most of the experiments were performed in liquid (aqueous) solutions of Fe 2 O 3 or Co nanoparticles and concentrated on moderate fields corresponding to the range of Larmor frequency 0.01 < f < 50 Hz. The general theory describing the effect is based on the classical outer sphere paramagnetic relaxation model [4] by taking into account the high magnetization and magnetic anisotropy values of nanoparticles [3] . It was shown that the model qualitatively well describes the profiles of the field dependence of the longitudinal spin relaxation with a maximum in the range 1-30 MHz depending on the magnetic properties of the nanoparticles in a particular sample.
The specifics of NMR and spin relaxation at higher field (7 T) were studied in [5] in aqueous solutions of ionic ferrofluids with grains of ∼8 nm. It was shown that besides homogeneous broadening the NMR spectrum demonstrates non-homogeneous broadening as well, and could not be well described with only the outer sphere model. The broadening was ascribed to the effect of grain aggregates, which may have significant size and require special consideration.
To better understand the peculiarities of NMR and spin relaxation of nanoparticle systems, we conducted an experimental study of the dependence on concentration and temperature of suspensions with surface-modified maghemite nanoparticles in different liquid and solid hosts. In addition to clarification of the mechanisms of broadening and relaxation, the NMR and spin relaxation studies of magnetically diluted systems may provide information on the magnetic and dynamic behaviour of magnetic impurities as well, and serve as an independent method for nanoparticle characterization.
Experimental details
The experimental samples were prepared using a solvent-free ferrofluid containing surface-functionalized maghemite (γ -Fe 2 O 3 ) nanoparticles of diameter d ∼ 5 nm. Such a ferrofluid has been produced by attaching a corona of flexible chains onto maghemite nanoparticles. Specifically, the reaction of a positively charged organosilane
with surface hydroxyl groups on the nanoparticles leads to a permanent covalent attachment to the surface and renders the nanoparticles positively charged. A counter anion is present to balance the charge leading to a hybrid nanoparticle salt. Sulfonate anions (R(OCH 2 CH 2 ) 7 O(CH 2 ) 3 SO − 3 , R: C 13 -C 15 alkyl chain) were used, yielding a liquid at room temperature with a nanoparticle content around 40 wt% [6] . From TEM images, the size distribution of the nanoparticles was found to be nearly log-normal, with a mean diameter of d = 4.8 nm and dispersion σ = 0.15.
The ferrofluid was characterized with the electron magnetic resonance (EMR) method, which revealed the saturated magnetization value of M ∼ 400 emu (4 × 10 5 A m −1 ) and relatively small anisotropy field of ∼600 G [7] . The EMR and microscope data indicated that, along with individual nanoparticles, there are small aggregates formed through dipole-dipole interactions between nanoparticles [7] .
To prepare experimental samples with different concentrations, the ferrofluid was dispersed in liquid (toluene and water) and solid polymer matrices. The polymer used was poly(styrene-co-butadiene-co-methyl methacrylate) (Aldrich #45, 751-5).
The weight contents of the ferrofluid in the samples are presented in A Bruker Avance 300 NMR spectrometer was used in the experiments. The relaxation times T 1 were measured by the standard saturation-recovery technique. The echo technique was used to study spin-spin relaxation in the samples with non-homogeneous broadening. The duration of the π/2 pulse is about 8 μs. Variable temperature measurements were performed using a VT Bruker system. 
Results
The spectra of the suspensions at different concentrations are presented in figure 1 . As one can see, the increase in nanoparticle concentration results in substantial broadening of the spectra in both solid and liquid systems. In the liquid systems the broadening is symmetrical and homogeneous up to high concentrations (2.7 wt%). The line can be well described with a Lorentzian line-shape. The opposite is seen in the solid solution, where the broadening has more complicated character. At least two components of a different width are observed in the concentrated samples, with the width of the broad component of the order of the spectral window of the spectrometer.
No echo beyond the free induced decay is observed in the liquid systems, indicating the homogeneous character of the broadening in toluene and water solutions. In this case, the relaxation rates T −1 2 were determined from the spectral half-width from the fitting of the line with the Lorentzian shape.
The concentration dependence of the transverse relaxation rates in the liquid suspensions is shown in figure 2(a). In both water and toluene samples, the transverse relaxation rate T 1 (C) in toluene is significantly higher than that in water. The liquid systems demonstrate significant narrowing of the spectrum with heating; see figure 3 .
In solid suspensions, the transverse relaxation times are determined through echo decay. The echo decay practically does not depend on the nanoparticle concentration; see figure 4. However, it depends on temperature, slowing down from T 2 ∼ 0.4 to 1.2 ms with heating from 293 to 373 K. Similarly, no visible changes were observed with increase in nanoparticle concentration for the spin-lattice relaxation (T 1 is ∼1.4 s at room temperature and slightly decreases with heating to 1.3 s at 373 K).
As one can see in figure 1(c), the spectrum in solid suspensions demonstrates strong nonhomogeneous broadening. With heating, the shape of the spectrum changes, and the broad component narrows slightly; see figure 5 .
We fitted the spectra of figure 5 as a sum of two components of Lorentzian shape, with the width and magnitude of components depending on temperature. The fitting parameters are shown in table 2, where 1 and 2 are half-widths of the components, and A 1 and A 2 are their amplitudes. From the fitting, the width of the narrow component is practically temperature independent while the width of the broad one decreases with increase in temperature; see figure 6.
Discussion
In systems with magnetic impurities, nuclear relaxation is related to dipole-dipole interactions between magnetic moments of the impurity and nuclear magnetic moments. The rates of the relaxation are determined by the magnitude and rate of random variation of local fields induced by magnetic impurities on host nuclei. Here one can distinguish two mechanisms of nuclear relaxation. The first one is related to thermally induced fluctuations of the magnetic moment of the magnetic impurity; this mechanism can be observed in both liquid and solid systems with paramagnetic ions.
The other mechanism is associated with motion of the host molecules through a steadystate magnetic field that is non-uniform in space. This mechanism works for liquid systems only, and is determined by the self-diffusion of the host molecules, which has the characteristic time τ D = R 2 /D, where D is the diffusion constant, and R is the effective radius of the nanoparticle.
In solid systems without any significant motion of the host molecules, only the mechanism related to the electron-spin fluctuations would play a role. However, according to our experiments with suspensions of Fe 2 O 3 nanoparticles, no visible changes are observed in the relaxation kinetics and temperature dependence of the spectra in the polymer samples.
This situation is related to the high-spin polarization of nanoparticles with a relatively large magnetic moment, μ = MV 0 ∼ 3×10 −17 emu (3×10 −20 A m 2 ). The rate of nuclear relaxation caused by the fluctuating part of μ (denoted by μ z ) is proportional to
where μ z is the projection of μ on the direction of the external field H; ξ = μH /kT ; and · · · denotes thermal averaging. (The right-hand part of equation (1) is calculated analogously to the derivation of the Langevin law for a high-spin particle.) For our samples at T = 300 K and H = 70 kOe, one has ξ ∼ 50 and μ 2 z /μ 2 = 4 × 10 −4 . Thus, though local fields induced by nanoparticles are quite strong, as seen from the width of the non-homogeneously broadened spectra, the magnitudes of their temporal variations are relatively small. Estimating for our materials, for a proton situated, for example, 14 nm from the centre of the nanoparticle, the local field magnitude is up to 2.8 G (at 70 kG that corresponds to a frequency shift of 40 ppm from the central position) but its fluctuating part is only of 0.047 G. Protons situated closer to a nanoparticle would experience higher fluctuating fields, but also much higher steady-state fields, which shift their frequency far from the central frequency and make them unobservable in experiments. Due to the high gradients of the local magnetic fields, spin diffusion is not effective, and the spin relaxation kinetics of the majority of the observable protons in solid suspensions under study is determined by other sources (such as other paramagnetic impurities, hindered molecular motion, and inter-nuclear interactions) rather than nanoparticle-related ones.
In liquid systems, generally both mechanisms may play role. Fast-moving molecules experience variations in the magnetic field due to the thermal fluctuations and a spatial non-uniform field. The broadening of the spectra can have both homogeneous and nonhomogeneous character depending on how fast the molecules are moving and how efficient the averaging of the local field is.
However, simple estimations predict strong domination of the diffusion-related mechanism for our liquid systems. In this case, the formulae for the relaxation rates [3, 4] can be simplified as 1
Here γ I is the gyromagnetic ratio of the proton, n is the nanoparticle concentration per cm 3 , D is the self-diffusion constant of the solvent, R is the effective radius associated with a magnetic nanoparticle, τ D = R 2 /D, and J A (z) is the spectral density of the correlation function.
Equations (2) and (3) is approximately inversely proportional to D. Indeed, one can see that the temperature dependence of the transverse relaxation rate, figure 3 , is well consistent with D −1 (T ) [8, 9] , confirming the predominating role of the diffusion mechanism. To fit the observed relaxation rates quantitatively, other parameters entering the equations (2), (3) need to be fixed, the R value being the most ambiguous of them.
The radius R is associated with the distance at which a moving molecule experiences sharp changes in the magnetic field, induced by the nanoparticles. Commonly, R is considered to be of about a nanoparticle size; however, it may be significantly larger. First, the organic surfactant on the surface of the nanoparticle would keep the solvent molecules at some distance. Second, R can increase due to the aggregation of nanoparticles.
A way to estimate R independently of other parameters is provided by the comparison of T 1 and T 2 . Note that, according to equations (2) and (3), the ratio T −1
1 does not depend on the concentration or magnetic energy of a nanoparticles but is determined by the radius R as
Let us use R as a fitting parameter and compare the predictions of the model with the experimental data, starting with room temperature. As an example, let us consider the toluene suspension To 7 with the concentration of the nanoparticles of 0.63 wt%, demonstrating the ratio T 1 /T 2 = 253, and the aqueous system W 5 with C = 0.55 wt% and T 1 /T 2 = 1114. Note that the nanoparticle concentration is nearly the same in both samples, n = 6.7 × 10 15 cm −3 . From equation (5), the effective radius can be estimated as 9 and 15 nm for the samples To 7 and W 5 correspondingly. Evidently, these values considerably exceed the nanoparticle radius, if even the organic corona is taken into account. The discrepancy might be caused by the failure of the theory initially intended for a description of nuclear relaxation via paramagnetic molecules which are much smaller in size than the nanoparticles. Another explanation might be related to the aggregation of particles due to their dipole-dipole interaction. Some evidence for this effect was reported in [7] .
Let us assume that R is the average size of aggregates, and substitute into equations (2) and (3) n = n 0 (R 0 /R) 3 /F, where n 0 = 6.7 × 10 15 cm −3 is the concentration of the nanoparticles, R 0 = 2.5 nm is the radius of an individual maghemite grain, and F < 1 is the effective 'filling' factor introduced to take into account the non-magnetic part of the aggregate, 1 − F. As a magnetic moment we consider μ = Fμ(R/R 0 ) 3 , which corresponds to the moment of the aggregate. Now we will fit the experimental T The solid curves in figure 3 show the fitting obtained with these parameters and using the D(T ) dependence for water [8] and toluene [9] . A very good agreement is evident.
The obtained F values are also in a good agreement with the volume fraction of Fe 2 O 3 in the dense ferrofluid (∼0.1). The difference between water and toluene may be attributed to differing penetration abilities of the H 2 O and C 7 H 8 molecules in the area filled by the organic chains attached to the particle surface, as well as to various stereometry of these chains in water and toluene. Further studies, especially with particles of various size, would be quite useful to clarify this issue.
Let us now discuss the results obtained for the polymer systems. We suggest that the broad component of the NMR line (figures 5 and 6) is dominated by dipole-dipole interaction of nuclear spins with randomly distributed magnetic nanoparticles. According to Anderson's statistical theory [10] , at a low enough concentration of magnetic impurities, the NMR line shape is Lorentzian with a half-width of
This theory, however, was developed originally in the high-temperature approximation, provided that the electron spin polarization P = μ z /μ 1. At higher P, an antisymmetric (dispersion-like) component arises, leading to an asymmetric distortion of the line shape [11, 12] . Both the generalized statistical theory [11] and the moment calculation [12] show that the magnitude of this distortion is proportional to P(1 − P 2 ). This expression attains its maximum near P ∼ 0.6 and becomes negligible in our case (P = 0.98), so we can use Anderson's theory, equation (6) . Estimating for our case of μ ∼ 3 × 10 −17 emu and n ∼ 10 16 cm −3 at 1.1 wt%, one gets L = 21 ppm, which is reasonably close to the half-width of the broad component. The width of the narrow component is of the order of that observed in the pure polymer sample. The two-component spectra may indicate that in our solutions the distribution of the nanoparticles in not completely random. Note that the ratio of the areas under the narrow and broad lines, A 1 1 /A 2 2 , shown in table 2 is relatively small, ∼2-5%. The narrow line could be the contribution of the areas in the sample which are relatively free from the nanoparticles.
The spin relaxation in polystyrene-based polymers is determined by a number of various processes, including flips of the phenyl rings, oscillations of chains, or direct relaxation with the participation of oxygen [13, 14] . The increase in the relaxation time T 2 around 340 K is typical, indicating the large-scale motion due to approaching the glass transition (T g ≈ 373 K for the polymer used). The cooperative large-scale motion would cause partial averaging of the fields induced by nanoparticles, resulting in some narrowing of the spectra, as was observed in the experiment. Further investigation of this phenomenon might provide a deeper insight into molecular kinetics in polymers.
In conclusion, 1 H NMR spectra and spin dynamics of host systems have been studied in liquid and solid suspensions of γ -Fe 2 O 3 nanoparticles with respect to the dependence on the nanoparticle concentration and temperature. Significant homogeneous broadening of 1 H NMR spectra and growing relaxation rates were observed with the increased concentration of nanoparticles in the liquid systems, with the relation T 1 /T 2 depending on the particular host. Narrowing of the spectra is observed with increase in temperature. The experimental results obtained in liquid suspensions can be explained by a standard outer-sphere model with the predomination of self-diffusion as a source of the relaxation and modification of the effective radius to account for the formation of the aggregates. The solid systems demonstrate inhomogeneous broadening of the spectra and practically no dependence of spin relaxation times upon the nanoparticle concentration. The results have been discussed taking into account the large polarization of the superparamagnetic nanoparticles.
